ABSTRACT Filter bank multicarrier (FBMC) is a strong candidate as a waveform based technique in advanced wireless communication systems (e.g. 5G), as an alternative to orthogonal frequency division multiplexing (OFDM). Like all multicarrier modulation techniques, FBMC suffers from high levels of a peak-to-average power ratio (PAPR). Discrete Fourier transform (DFT) spreading can be used in FBMC for PAPR reduction with a quite notable increase in computational complexity and without any need for side information (SI) overhead at the receiver. However, the achieved PAPR reduction is of a marginal amount, compared to the single carrier effect in the single carrier frequency division multiple access (SC-FDMA). This is due to the in-phase and quadrature phase (IQ) overlapping structure between offset quadrature amplitude modulation (OQAM) FBMC symbols. In this paper, we propose the use of generalized DFT (GDFT) spreading as an alternative to DFT spreading for PAPR reduction in systems employing FBMC. We derive the conditions at which the GDFT can totally make use of the single carrier effect of DFT spreading and hence reducing the PAPR. We also propose an enhancement algorithm that is utilized in the GDFT for further PAPR reduction without any additional complexity overhead. From the simulation results that are run at different values of subcarriers, it is shown that the GDFT spreading with the enhancement algorithm (enhanced GDFT) attain an extra amount of PAPR reduction over the other DFT spreading techniques. In addition, the GDFT spreading technique and the enhanced one also show better power spectral density (PSD) over the other DFT spreading techniques.
I. INTRODUCTION
Filter bank multi carrier (FBMC) technique has gainful characteristics that allow it to be a strong candidate as a waveform based technique in 5G rather than orthogonal frequency division multiplexing (OFDM) [1] - [3] . These characteristics include more robustness to frequency and synchronization misalignment [4] , effective suppression in out of band (OOB) emission [5] , higher bandwidth efficiency and higher data rates [6] . Nevertheless, FBMC results in high peak-toaverage power ratio (PAPR) like all multicarrier modulation techniques which causes signal clipping at the receiver due
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to the nonlinearity region of high power amplifier (HPA) [7] . As a result, effective suppression in out of band (OOB) emission of FBMC is still in question. In literature, there are several FBMC PAPR reduction techniques such as tone reservation (TR), in particular a sliding window TR [8] , clipping and filtering [9] , [10] , partial transmit sequence (PTS) [11] and selected mapping (SLM) [12] . In the TR technique, a number of tones are reserved with known number of iterations and appended to the FBMC transmitted signal in a way such that the peaks of the transmitted signal are reduced. There is also a sliding window tones reservation (SW-TR) in which the peaks of the transmitted FBMC signals are reduced inside the window. However, due to the reserved tones and the required number of iterations for PAPR reduction, the loss in bandwidth efficiency is about 12.5% [8] . In the clipping and filtering technique, the amplitude of the transmitted signal is reduced to a predetermined value and thus FBMC PAPR is reduced. However, signal distortion and the OOB emission are increased because of the clipping noise that cannot be totally avoided at the receiver [9] , [10] . PTS and SLM have been making use of the FBMC overlapped transmitted signal to reduce PAPR based on looking for the mutually best candidates over the multiple FBMC symbols. Nevertheless, PAPR reduction has been achieved at the expense of increasing complexity and decreasing data rate because of using side information (SI) [11] , [12] .
A. LITERATURE REVIEW
It is obvious that the use of the previously mentioned techniques to reduce the PAPR would be on the expense of sacrificing one or more advantageous characteristics of the FBMC. Discrete Fourier Transform (DFT) spreading is considered as a PAPR reduction technique in FBMC with a quite notable increase in computational complexity and without any need for SI overhead at the receiver. This is because the DFT and its inverse (IDFT) are deterministic operations not probabilistic ones as in PTS and SLM. However, due to the in-phase and quadrature phase (IQ) overlapping structure between offset quadrature amplitude modulation (OQAM) FBMC symbols and the different pulse shaped offset quadrature amplitude modulation (OQAM) structure [6] , the DFT spreading has achieved merely marginal amount of PAPR reduction compared to the single carrier frequency division multiple access (SC-FDMA) [13] - [15] . This is because DFT spreading is applied to FBMC directly just like in the SC-FDMA system. DFT spreading with a condition of an identically time shifted multicarrier (ITSM) had been proposed in [16] to totally make use of the DFT spreading single carrier effect. This condition was resolved based on phase shift pattern of the each IQ subcarrier channel. However, the amount of PAPR reduction was not so significant. An identically time shifted multicarrier (ITSM) algorithm has been proposed to maximize the amount of PAPR reduction [16] . This is done by generating four candidate signals with different PAPR and the signal with minimum PAPR was transmitted. However, this has lead to an increase in the computational complexity.
B. MOTIVATION AND CONTRIBUTIONS
The use of DFT spreading technique in FBMC systems results in a marginal reduction of PAPR. On the other hand, the DFT is characterized by the lower computational complexity. A new approach is therefore needed for reducing PAPR while keeping the computational complexity as low as possible. The generalized discrete Fourier transform (GDFT) is proposed as an alternative to the DFT in FBMC systems.
The main contributions in this paper are summarized as follows:
• The performance of using a GDFT spreading as a PAPR reduction technique in FBMC system is analyzed, and the conditions at which the attained spreading can fully exploit the single carrier effect of the DFT are derived.
• An enhancement algorithm to enable the GDFT spreading to reduce PAPR as good as SC-FDMA is proposed without any complexity overhead. We call this technique the enhanced GDFT.
• The enhancement algorithm is applied to other DFT spreading techniques available in literature [15] , [16] to compare their performance to the proposed enhanced GDFT spreading technique.
• The PAPR performance at different numbers of subcarriers is investigated for both GDFT spreading and the enhanced GDFT and compared to those other DFT spreading techniques. From the simulation results, it is shown that the GDFT spreading and the enhanced GDFT attain an extra amount of PAPR reduction over the other DFT spreading techniques.
• Power spectral density (PDS) characteristics is also investigated in order to check the performance of the proposed technique and relevant algorithms as compared to other DFT spreading techniques The rest of the paper is organized as follows: in section II the FBMC system structure is reviewed. Section III introduces the analysis of applying GDFT to FBMC system, and the conditions by which the PAPR reduction is improved, are derived. In section IV, we propose an enhancement algorithm based on one chosen phase shift pattern from literature, and verify the outperformance of the enhanced GDFT through PAPR and PSD simulation results. In Section V, the computational complexity of the GDFT spreading techniques is analyzed, and compared to those of other DFT spreading techniques. The comparison also includes amount of PAPR reduction and the SI included. Section VI concludes the paper. Fig. 1 shows the FBMC system structure. In this figure, we denote the number of subcarriers by M and the number of symbols by N. In FBMC according to [17] , the n th complex input symbol at the m th subcarrier is denoted by x m,n , is divided into real and imaginary components denoted by d m,n and u m,n respectively. x m,n is given by:
II. FBMC SYSTEM STRUCTURE
Then the real components, d m,n is multiplied by the phase shift pattern which is denoted by ρ m,n at the m th subcarrier of the upper IFFT, and imaginary components, u m,n is multiplied by the phase shift pattern which is denoted by σ m,n at the m th subcarrier of the lower IFFT.
In the FBMC, each subcarrier is individually applied to a real symmetric prototype filter of response g m,n (t). This prototype filter is characterized by what is so called the overlapping factor K, which is the ratio of the filter impulse response duration to the multicarrier symbol period T. Prototype filter with proper choice of the overlapping factor, ensures significant inter symbol interference (ISI) suppression [6] . On the other hand, the use of the prototype filter results in frequency spreading, the degree of which depends upon the value of the overlapping factor K. Nevertheless, the prototype filter leads to an increase in the computational complexity [14] . The polyphase network (PPN) is found to be an effective alternative to reduce the computational complexity. This is due to the fact that it does not require frequency spreading. However, this technique inherits some additional processing [14] . Each lower and upper IFFT output vector is copied and repeated K times and then multiplied to the sampled version of the prototype filter g m,n (t) over K symbol duration [6] . Finally the IQ data symbols are applied to the OQAM. This OQAM ensures that the quadrature data symbols are time shifted by the half of the inverse of the subcarrier spacing. This is done by applying the output of the lower PPN to the delay block T/2, where T is the complex data symbol duration for each subcarrier as given in [6] .
III. USE OF THE GENERALIZED DFT (GDFT) SPREADING IN FBMC A. GDFT CONDITIONS FOR SINGLE CARRIER EFFECT
In this section, we derive the equations that describe the signal flow in the proposed technique, from which we can reach the conditions that are necessary to attain the single carrier effect.
If we apply the complex input symbol x m,n to the generalized discrete Fourier transform (GDFT) prior to the FBMC block as shown in Fig. 2 , then, according to [18] the GDFT output is given by: (2) where {μ k (m)} is the phase function and is given by: where ψ(m) is defined as the phase shaping function. The number of possibilities for ψ(m)∈R is infinite. It may be either linear or non-linear function of time, and is based on the design requirements. This function is the controlling factor that allows the FBMC to fully exploit the single carrier effect and hence reduces the PAPR. Thus throughout analysis in utilizing GDFT spreading in FBMC, the phase shaping function is used as it is. It is quite obvious that ψ(m) = 0 in the case of DFT, and hence DFT, is considered a special case of GDFT. The continuous FBMC transmitted signal based on the FBMC implementation is denoted by s(t) as shown in Fig. 1 . It is given in [7] as:
where X m,n is the complex GDFT output n th symbol as defined in (2), and g(t-nT) is a prototype filter response with a length (l) which equals to KN where N is the number of OQAM symbols per each subcarrier. The term jφ m,n e is the phase shift pattern where, m,n = 0 + /2(m + n). This phase shift pattern contains the real and imaginary components ρ m,n and σ m,n respectively. Then we can re-write (4) according to the FBMC structure in Fig. 1 as follows:
There are many phase shift patterns in literature as given in [15] , [19] , [20] . However, no matter the patterns are, as long as they meet the following conditions:
As in (1), X m,n = D m,n + jU m, n where D m,n and U m,n are the real and imaginary input symbols after passing through GDFT respectively. Thus, D m,n and U m,n are given by:
Equation (5) may be further re-written as:
To simplify analysis, we assume that the prototype filter response g(t) has a unity rectangular pulse shaping. Then for the overlapped interval of the IQ components of the n th OQAM in which nT+T/2≤ t ≤ (n+1)T, then (9) can take the form:
Using the concept of the Dirichlet Since pulse given in [21] as
, then (10) could be re-written in the form:
Substituting with the phase shift pattern ρ m,n = e jφ m,2n and σ m,n = e jφ m,2n+1 into (11), gives s(t) as:
The symbol index (k) on the FBMC subcarrier index influences the shift of the pulse
is a shifted version of the narrow baseband pulse. In the case of canceling the term (-1) m ahead of the quadrature phase component {u k,n }, then (12) will represent the single carrier signal, in which T /M spaced symbols are transmitted. To cancel it out, we set the phase shaping function {ψ(m)} so that z(− T ψ(m) Mm ) equals to (−1) m . This is achieved when ψ(m) = mM /2. However, the term (−1) m is canceled out from the quadrature channel component {u k,n }, and appears in the phase channel component{d k,n }, which means that the problem still exists. In conventional DFT spreading utilizing FBMC as in [13] - [15] , the term (−1) m wasn't cancelled and hence a marginal PAPR reduction is achieved. In [16] , the authors multiplied the phase shift pattern of the quadrature data symbol {σ m,n } by the shift term (−1) m . As a result, the multicarrier for the IQ components appear identically time shifted (ITSM) [16] . However, the corresponding amount of the reduced PAPR is limited to 0.6 dB to 0.8 dB because of the overlapping interval between the IQ channels of the OQAM symbols.
In order to fully exploit the single carrier effect of DFT spreading using GDFT, there are three conditions that need to be satisfied. The first one is that the function ψ(m) must be set to zero in the case of the in-phase channel component {d k,n } and set to mM/2in the case of the quadrature channel component{u k,n }. Thus (12) takes the following form:
Equation (13) represents the DFT spreading of the complex input symbol x m.n , where (−1) n and the time shift term T/4 exist because of using the phase shift pattern. So, in order to make use of the single carrier effect of the DFT spreading using the GDFT, the real and imaginary parts of the complex input symbol must be separated before being applied to the GDFT as shown in Fig. 3 , and this is the second condition. Either setting the phase shaping function to zero in case of in-phase channel or to mM/2in case of quadrature channel, this means that the GDFT spreading is with linear phase, and this is the third condition. 
B. SIMULATION RESULTS
In this sub-section we compare the PAPR performance of the GDFT spreading with that of other DFT spreading techniques, namely DFT spreading, ITSM and the improved ITSM which has been introduced in [16] . However, we shall call it the improved ITSM to remove any ambiguity in dealing with the comparative study. In addition, the original FBMC structure is included. In our analysis, the following phase shift pattern is assumed for all of the DFT spreading techniques:ρ m,n = e jφ m,2n , σ m,n = e jφ m,2n+1 . If we use a prototype filter of response g(t) the equation (5) could be re-written as:
Simulation results are carried out through developing relevant m-files using a MATLAB package. The simulation parameters used are given in table 1 below [16] . It is notable that the cross mapping of complex to real (C2R) is not used for every other subcarrier. This is because switching between IQ components implies that the phase shift pattern and the phase shaping function of ITSM and GDFT respectively must be changed correspondingly.
It is also noted from table 1 that the prototype filter used is of type PHYDAYS, of which overlapping factor is 4. This type of filters is used to facilitate comparison to other DFT spreading techniques that utilize the same filter type.
The PAPR for every symbol of FBMC is calculated as follows: 
where E[|s(t)| 2 ] is the expected value of the transmitted FBMC symbols. Performance of PAPR is measured by the complementary cumulative distribution function (CCDF).
It is defined as the probability that PAPR exceeds some threshold value that is denoted by (PAPR0). PAPR0 is a random variable (R.V), of which lower values indicate better performance [22] . Fig. 4 to Fig. 6 show the simulated PAPR's CCDF of the GDFT-spreading with DFT-spreading [15] , ITSM [16] , improved ITSM [16] and original FBMC signal (without DFT spreading) when offset quadrature phase shift keying (OQPSK) is used with number of subcarriers M = 64, 128 and 256 respectively. The PAPR of SC-FDMA is also included so as to be taken as a reference.
It is obvious from Fig. 4 that for a reference value of the CCDF of 10 −3 , the GDFT spreading increases the amount of reduction of PAPR over ITSM and DFT spreads by nearly 1.1 dB and 1.7 dB respectively. More improvements are achieved with the increase of number of subcarriers as shown in Fig. 5 and Fig. 6 . This is due to the splitting of real and imaginary symbol data before being applied to the GDFT spreading process. It is also shown in Fig. 4 that the improved ITSM results in more PAPR reduction over the GDFT spreading by nearly 0.7 dB. However, the value of this reduction becomes lower as the number of subcarrier increases as shown in Fig. 5 and Fig. 6 . The reason is that the improved ITSM inherits some modification in FBMC structure with a complexity and SI overhead to achieve this result. The modification implies using four waveform candidates with different PAPR and transmitting the one with minimum value.
The simulated power spectral density (PSD) of the GDFT spreading versus ITSM, DFT spreading and original FBMC are illustrated in Fig. 7 . Compared to ITSM and DFT spreading, the GDFT spreading has lower out-of-band (OOB) emission by −3 dB, −2 dB respectively when a fractional frequency offset of 0.2 Hz is considered. It is clear from this figure that using GDFT in FBMC PAPR reduction doesn't affect the PSD. It remains nearly unchanged compared to the PSD of original FBMC. It is worth mentioning that the improved ITSM is not included in the simulated PSD and BER results as it has the same PSD and BER as that of the ITSM. 
IV. A PROPOSED ENHANCED GDFT ALGORITHM
It is obvious from Fig. 4 to Fig. 6 that the PAPR reduction performance of the improved ITSM is better than that of the GDFT spreading, nearly about 0.6 dB. So here, we propose the enhancement GDFT algorithm to boost the PAPR reduction of the GDFT spreading.
From (14), it is noted that the quadrature channel is delayed by T/2 for OQAM before multicarrier modulation. If the In-phase channel is delayed by T/2, then the conditions of phase shaping functions that are derived in section (III-A) are still valid. However, the delayed in-phase signal and delayed quadrature one have different PAPR's. This is because, as illustrated in [16] , the delayed channel symbol overlaps the incoming OQAM symbol and the non-delayed channel symbol overlaps the previous symbol. Consequently, the parts of the signal outside the overlapped interval are different depending on which channel is delayed and thus, the PAPR's of the two signals are different. If the In-phase VOLUME 7, 2019 channel is delayed by T/2, then (14) will be:
In this case, we have two distinct candidate GDFT signals with different peak powers. The proposed enhancement algorithm compares the PAPR of the two signals with each other and the one with the minimum PAPR is selected and transmitted. The main idea behind proposing this algorithm is applying one half symbol delayed for both the in-phase and quadrature channels. It is noticed from (14) and (16) that the operator (j) is multiplied by the delayed and previous channels respectively. This is done in order that the successive data blocks for the selected signal could be added. To maintain the FBMC signal format unchanged the operator (j) must be multiplied by the RHS of (16) . This is done by using a switch after the PPN as shown in Fig. 8 . The proposed enhancement algorithm is accomplished through the following steps:
Step 1: Divide the data frame into a successive number of (l) blocks, each block contains a number of symbols equals to W.
Step 2: The symbol index (n) is limited to the ( th) data block such that W ≤ n ≤ ( + 1)W + 1. When the switch (SW) is ON the first candidate signal is generated for every ( th) data block as follows:
When (SW) is OFF the second candidate signal is generated for every ( th) data block as follows:
Step 3: The PAPR of the two signals are calculated every data block, and the signal with the minimum PAPR is selected and concatenated with the selected signal achieving minimum PAPR in the next data blocks.
Let C (t) to be the concatenated signal up to ( th) block. It is defined as:
where (r ) is the index of the selected candidate signal. For the first block ( = 0) it is calculated as:
where R denotes the search zone of the peak power, and it is limited to the present data block signal s (a) (t), where it is set
. For ( ≥ 1), the peak power is calculated for:
The signals C −1 (t) and s (a) (t) overlap because of the pulse shaping and the OQAM IQ staggering. The index of the selected candidate signal is defined as follows:
At the end of the data blocks, the signal with minimum PAPR is selected and transmitted. The FBMC structure that employs the enhancement GDFT algorithm is shown in Fig. 8 . We shall call the
GDFT spreading technique that utilizes the enhancement algorithm, the ''enhanced GDFT''. It is important to highlight the fact that the enhanced GDFT spreading (Fig.8 ) still has the same structure as that of the GDFT (Fig.3) .
A. SIMULATION RESULTS
To investigate the effectiveness of the GDFT spreading technique with the relevant proposed algorithm (enhanced GDFT), its performance is compared to other similar techniques while utilizing the proposed algorithm. Simulation results are carried out through developing relevant m-files using MATLAB package. The simulation parameters used are given in table 1. The simulation results of the PAPR's CCDF are shown in Fig. 9 to Fig. 11 when utilizing OQPSK with different number of subcarriers M = 64, M = 128 and M = 256. It is clear from the simulated results that the performance of the enhanced GDFT spreading technique approaches that of the SC-FDMA in case of M = 64. At higher value of M (M = 128, 256), the performance goes better. It is also observed that the performance of the proposed enhanced GDFT spreading is superior to those of other techniques while utilizing the same proposed algorithm. This is because the two generated signals of the GDFT spreading have a PAPR value that is lower than that of the two generated signals of other techniques. It is quite notable from the results shown in Fig. 9 to Fig. 11 that at CCDF = 10 −3 , the enhanced GDFT spreading results in a reduction of PAPR by a value of nearly 0.9 dB, 1.6 dB and 2.8 dB compared to enhanced ITSM, enhanced DFT spreading and enhanced FBMC. In the case of the GDFT spreading, the simulation results show that the PAPR reduction of the enhanced GDFT spreading is increased by 0.7 dB, 0.9 dB and 0.5 dB in the case of M = 64, 128 and 256 respectively. Regarding the PSD, it is clear from Fig. 12 that the enhanced GDFT algorithm has a lower OOB emission than that of the enhanced FBMC, enhanced DFT, enhanced ITSM and the proposed ITSM. Compared to the improved ITSM, the enhanced ITSM and the enhanced DFT spreading, the enhanced GDFT algorithm has lower out-of-band (OOB) emission of about −5 dB, −3 dB and −2 dB respectively when a fractional frequency of 0.2 Hz is considered.
B. COMPUTATIONAL COMPLEXITY COMPARISON
We present a comparison for computational complexity and SI between the enhanced GDFT spreading technique and the other spreading techniques, beside the probabilistic PAPR reduction techniques, namely spares PTS [23] and dispersive SLM [24] . The computational complexity in this paper is measured based on the real multiplications (RMs) only, since they carry the highest computational load.
With M subcarriers of power 2, the computational complexity of The GDFT is calculated as it is given in [25] and it is measured by 4x(M log 2 M ), where the number (4) indicates the number of RMs per one complex multiplication. The computational complexity of M-point IFFT with M subcarriers of power 2 is given by 4x(M log 2 M +2M) [26] , and the computational complexity of DFT with M subcarriers of power 2 is given by 4x(M/2)log 2 M respectively [27] . The number of RMs of the PPN is given by 8KM [28] . The computational complexity of the PTS according to [23] is given by 16VMlog 2 M +16KM+IV (2 V +1) where V and I are the number of portions and the number of iterations in spares PTS respectively. The computational complexity of the dispersive SLM according to [24] is given by 16UMlog 2 M +16KUM+26 UN where U is the number of candidates transmitted signals. The computational complexity of the improved ITSM according to [16] is given by 18 Mlog 2 M +32KM+48M. Table 2 illustrates a comparison of the computational complexities of the proposed enhanced GDFT spreading technique and the other spreading ones. The table also includes the PAPR reduction as well as the SI overhead in order to evaluate the performance of the proposed enhanced GDFT spreading. We include the sparse PTS and dispersive SLM techniques that are in given [23] and [24] since they are the most usable techniques for FBMC PAPR reduction with reduced computational complexity. It is depicted from table 2 that using GDFT spreading reduces the PAPR with complexity overhead more than those of DFT spreading and ITSM, but still the complexity overhead is lower than that of the improved ITSM, PTS and SLM. It is also obvious that the use of the proposed enhanced GDFT spreading boosts the amount of PAPR reduction better than the GDFT spreading with the same computational complexity. It is clear from table 2 that the enhanced GDFT gives nearly the same PAPR reduction value as that of the improved ITSM, for M = 64. However, the computational complexity of the proposed enhanced GDFT is lower than that of the improved ITSM. The enhanced GDFT requires only one bit SI per data block as the algorithm is based on generating two distinct signals with different PAPR. In the case of the improved ITSM algorithm, the required SI bits per data block are two bits as its algorithm is based on generating four distinct signals with different PAPR's. This comparison shows that the enhanced GDFT combines the advantages of higher PAPR reduction, lower computational complexity and lower SI among other techniques.
V. CONCLUSION
A Generalized Discrete Fourier Transform (GDFT) was proposed to improve the PAPR performance in communication systems utilizing FBMC techniques. From the simulation results, it was shown that the use of the GDFT results in a significant reduction of PAPR. In addition, an enhanced algorithm was proposed to allow further reduction of PAPR. The performance of the enhanced GDFT was investigated versus other spreading techniques, namely DFT, ITSM, the improved ITSM and original FBMC. The simulation results showed that the proposed enhanced GDFT yields an optimum compromise between PAPR reduction value, lower OOB emission, lower SI bits and the lower degree of computational complexity among other spreading techniques. This approach would be much more suitable for meeting 5G requirements. 
